Abstract. Narrow-gap mercury cadmium telluride thin films grown by MBE methods onto various substrates (HgCdTe/Si, HgCdTe/GaAs) were investigated as a piezoelectric heterostructure for IR detection. Mechanical stresses at the layer-substrate interface were analyzed. It was determined that for [310] oriented MCT-based structures under the anisotropic restriction of the deformation the nonzero shear components of the strain tensor arise and stress induced piezoelectric polarization is generated. Existence of the built-in electric field in the strained MCT-based heterostructure results in the spatial separation of the nonequilibrium carriers and the possibility of the room temperature detection of the IR radiation is realized.
Introduction
Lattice strain is a matter of paramount importance for solid-state devices, and it is exploited to improve the electrical and optical properties of these devices. For example, significant enhancement in the hole mobility of a SiGe-on-insulator metal-oxide-semiconductor fieldeffect transistor was achieved using the lateral-strainrelaxation process [1] .
An important phenomenon in strained structures grown along a polar crystallographic axis is availability of a piezoelectric field, which deeply modifies semiconductor band configuration and physical properties. Piezoelectric field in strained heterostructures was theoretically predicted in [2, 3] and then experimentally proved [4] [5] [6] . The fields in exceeding of 10 5 V/cm experimentally studied in III-V [7] and II-VI [8] [9] [10] heterostructures, can have applications in electrooptics and nonlinear optics [11, 12] . These electric fields can also cause charge accumulation, which can be used in a field effect transistor [13] and resonant tunneling structures. Strain-induced piezoelectric effects in arbitrary shaped II-VI quantum wires are described [14] .
In this work, the HgCdTe (MCT) -based strained heterostructures are considered under the anisotropic restriction of the deformation. The purpose of this study is demonstration of the possibility to detect IR radiation by using piezoelectric heterostructure HgCdTe on Si without cryogenic cooling and to achieve its improved performance.
In this work, the following glassy system was investigated: S As  undoped and doped with manganese and chromium in various concentrations.
Experimental: MCT-based heterostructure growth and characterisation
The MCT-based heterostructure, shown in Fig. 1 [15] . To decrease the influence of surface recombination, MCT layers were grown with the Cd content increasing to the surface. Close to the buffer layer, the Cd content also increases, and a potential barrier can be formed in some cases between the buffer and photosensitive layers. The structures were characterized by X-ray diffraction, FTIR spectroscopy and temperature dependent Hall measurements. The change in the curvature radius (ΔR), measured by the changes of Bragg maximum angle position, before and after layer structure deposition, was used to estimate the residual stresses in the MCT-based heterostructures. Hall measurements allowed estimating the parameters of charge carrier transport (p10 16 cm -3 ,  p 230 cm 2 V -1 c -1 at 80 K). FTIR transmission analysis was used to determine the MCT composition.
Results and discussion

Residual stresses of the MCT -based heterostructures
It is worth noting that, for compound heterostructures (such as HgCdTe/CdTe/ZnTe/Si or HgCdTe/CdTe/ZnTe/GaAs, observable here), the presence of residual stresses is a specific character caused by their physical nature. Mechanical stresses arise from various causes, including the physical nature of the as-deposited material, thermal expansion difference between the film and substrate materials, chemical or structural changes occurring in the film in the course of processing.
The main factors determining the degree of perfection of the layer (l) -substrate (s) structure are the differences between their crystal lattice parameters a = a s -a l and linear thermal expansion coefficients  =  s - l . The stress at the layer  substrate interface with a large difference between the lattice parameters can be expressed in the form [16] : 
The critical thickness of CdTe on silicon was estimated to be approximately 0.5 nm and for CdTe on GaAs 0.9 nm [17] . If the ZnTe nucleation layers are used, the critical thickness becomes equal to 1.2 nm in the case of Si substrate and 4 nm in the case of GaAs substrate [17] . For a CdTe film with the thickness close to 6.3 m, which is typical for the film thicknesses used in this work, the thickness-dependent residual misfit stress calculated with regard to the equations (1) and (2) is  * misfit equal to 6 MPa. This value is significantly lower than the stress resulted from the thermal expansion mismatch:
where T is the difference between the synthesis and operation temperatures. The absolute values of the thermal stresses for epitaxial systems under study reach 10 7 Pa and they are quite similar to the data of ref. [17] . The residual stresses for heterostructures observable here were estimated experimentally by the Xray diffraction technique. Due to strain-induced bowing, Bragg peak positions will differ slightly in different points on the film surface. X-ray diffraction rocking curve of full-width at half-maximum mapping is used to generate a surface profile from which a radius of curvature (ΔR) is extracted. The change in radius, before and after layer structure deposition, may be used to estimate the residual film stresses using the Shoney's equation: (4) where d l and d s are the layer and substrate thickneses, respectively, E s and  s are the linear elastic modulus and Poissons ratio of the substrate respectively.
Calculated misfit and residual thermal stresses, obtained according to equations (1) - (3), as well as the absolute value of the experimentally determined residual stresses for heterostructures under study, reaches 2 to 15 MPa and are in agreement with the predicted data (see Table 1 ). The ZnTe layer was ignored during our stress analysis, since there is a presumption that the thick CdTe layer should dominate over the stress characteristics of the buffered substrate. 
15
MPa Thus, we have demonstrated the presence of residual stresses in the MCT-based heterostructures. In particular, CdTe/ZnTe/GaAs structure is grown in compression since the sign of  total (as well as  exp ) is negative, whereas, for CdTe/ZnTe/Si structure, the total residual stresses are tensile.
Let us consider the mechanical deformations of a strained layer in the heterostructure with lattice mismatch in terms of local strains along the coordinate axes.
The standard strain -displacement ratio is given by below:
where u i and x i denote displacement and space coordinate along the i-th crystallographic axis, respectively. For zinc-blend biaxial strained material grown on (001) surface the deformation components are derived as [18] : (6) where the symbols  and  denote the xy-plane and the z-axis, respectively. The MCT-based heterostructure under study were grown in (310) orientation, and the principal coordinate system x-y-z does not coincide with that of the MCT unit cell. Tensors in the x-y-z coordinate system can be transformed to the MCT coordinate system x  -y  -z  using Euler's angles , , . The components of the strain in the new coordinate system are related by the equality Table 2 .
The data in Table 2 clearly show that, for zincblend material grown on (001) surface substrate, only the stretching (compressive) strain components have nonzero values. At the same time, for the structure grown on (310) surface y-component of the shear strain acting on a plane perpendicular to the x-axis ( xy ) as well as x-component of the shear strain acting on a plane perpendicular to the y-axis ( yx ) have nonzero value. And, for the structure grown on (111) surface all strain components have nonzero values.
Piezoelectric properties of the MCT -based heterostructures
Under normal conditions, MCT crystallizes in F43m lattice (Td) and has one independent piezoelectric constant e 14 . Therefore, mechanical stresses can induce electric fields and/or surface charges in MCT due to piezoelectric effects [8] .
The piezoelectric effect can be described by the following equation:
where P i are the polarization vectors,  jk and  jk are tensors of the mechanical strains and stresses, respectively, and e ijk and d ijk are the piezoelectric tensors. For cubic symmetry, in principal coordinate axes, all the nonzero components of the piezoelectric tensor for F43m lattice are equal: e 123 = e l32 = e 231 = e 213 = e 312 = e 321 = e 14 , where e 14 = 0.0136 C/m 2 for MCT [9] . The matrix form of strain tensor is: 
It is necessary to note that only the shear strains can induce electric polarization, and the extensional strains do not induce polarization. It is easy to show that for zinc-blend biaxial strained bulk material, as well as for But for the anisotropic restriction of the deformation, when the substrate specifies the strain of layer along the x and y axes, the values of  11 and  22 are specified by a thickness-dependent misfit as well as a thermal expansion mismatch strain in xy-plane (see eq.1-3) and they are different from the value of  33 (see eq.6).Consequently, nonzero shear strain components appear as a result of strain tensor transformation (see Table 2 ).
The components of the piezoelectric tensor in the new coordinate system are related by the equality Thus, for [310] oriented MCT-based structures with the anisotropic deformation restriction the nonzero shear strain components arise. As a consequence, electric polarization is generated in a strained heterostructure (see Eq.10). On the base of the experimentally obtained residual stresses for the MCTbased heterostructures, the value of the plane strain is estimated to reach 1.3x10 -4 for MCT on Si structure and 0.17x10 -4 for MCT on GaAs structure. The values of the induced polarization P 3 of the [310]-oriented MCT layer grown onto various substrates are found to be in the range from 0.85x10 -6 C m -2 (MCT/Si) down to 0.1x10 -6 C m -2 (MCT/GaAs), and, the electric field is found to be in the range from 0.6 kV m -1 (MCT/GaAs) to 5 kV m -1
(MCT/Si) estimated according to equations E 3 = -P 3 / 0 . Evidently, it is need to take into account that variband layer at the MCT surface also creates built-in This field tends to push carriers into the sample and an excess of the negative charge is accumulated on the surface of the sample with p-type conductivity. Consequently, the variband built-in electric field is directed to the structure surface in the same direction as the piezoelectric field induced by tensile stresses (MCT/Si). The resultant built-in electric field value will be reinforced. At the same time, the piezoelectric field induced by compressive stresses in MCT/GaAs heterostructure is directed into the sample. It is opposite to the direction of the variband built-in electric field, and the resultant field can be canceled.
Room temperature IR detection
It is well known that thermal processes dominate at temperatures close to the room one in MCT-based devices used for middle and long wavelength IR spectral regions, and in the conventional photon detector it is impossible to accurately detect any infrared radiation other than that of high output power as in a CO 2 gas laser. Conventional MCT-based photon detectors need significant cooling in order to reduce noise and leakage currents resulting from generation and recombination processes. It has been recently suggested that Auger recombination and generation rates can be reduced using the phenomena of exclusion and extraction to produce nonequilibrium carrier distributions [19] . Photodiode HgCdTe/Si structures based on this concept were manufactured for near-room temperature operation. In addition, three types of IR photovoltaic detectors can operate at near-room temperature: photoelectromagnetic detectors, magnetoconcentration detectors, and Dember effect detectors [20] . The operation principle of these devices is based on the separation of excess carriers. Existence of the built-in electric field in the studied herein strained MCT-based heterostructures results in the spatial separation of the nonequilibrium carriers, too. As a consequence, the possibility of the room temperature detection of the IR radiation is implemented. In particular, for MCT/Si stressed semiconductor heterostructure with piezoelectric properties. At the same time, the built-in electric field in MCT/GaAs heterostructure is very likely compensated, and we cannot detect IR radiation at room temperature.
This conclusion was confirmed experimentally elsewhere [21, 22] . It was observed that Hg 0.68 Cd 0.32 Te/CdTe/ZnTe/Si heterostructure obtained by MBE method exhibits spectral photoresponse under IR photoexcitation without electrical bias at room temperature (see Fig. 2 ). At the same time, spectral response of the MCT-based structures grown on GaAs substrates was insignificant.
To estimate the voltage responsivity, the prototype of MCT-based photovoltaic detector was exposed to infrared photons from a laser source (continuously operating He-Ne laser, LGN 113) with the wavelengths 0.63, 1.15 and 3.39 m. The measured value of responsivity was from ~0.5 V/W to ~4.3 V/W at 0.5 mW laser beam power in the focal spot [21] . It was also found out that the prototype of photovoltaic detector is sensitive to CO 2 laser radiation on the level of ~0.04 V/W at 1 mW laser beam power in the focal spot [22] . An element of the prototype (1x1 mm) achieves photovoltaic spectral sensitivity at the level D * = 2.610 ) for 300 K and 3 m. The noise measurements were performed with the 1 Hz bandwidth.
Conclusions
Thus, the presence of residual stresses in HgCdTe-based heterostructures grown by MBE with intermediate buffer layers on [310]-oriented Si and GaAs substrates was demonstrated. In particular, HgCdTe/CdTe/ZnTe/GaAs structure was grown in compression stresses, whereas, for HgCdTe/CdTe/ZnTe/Si structure, the total residual stresses are tensile. It was obtained that the experimentally confirmed stress for heterostructures under the study reaches 2 to 15 MPa and is in agreement with the predicted data.
It was confirmed that for [310] oriented MCTbased structures under the anisotropic restriction of deformation, when the substrate specifies the in-plane strain of layer, the nonzero shear components of the strain tensor arise and stress induced piezoelectric polarization is generated. Existence of the built-in electric field in the studied herein strained MCT-based heterostructures observable here results in the spatial separation of the nonequilibrium carriers and the possibility of the room temperature detection of the IR radiation is realized. This conclusion is confirmed experimentally.
